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Lateral Vibration and Read/Write
Head Servo Dynamics in
Magnetic Tape Transport
Magnetic tape is a flexible mechanical structure having dimensions that are orders of
magnitude different in its thickness, width, and length directions. In order to position the
tape relative to the read/write head, guides constrain the tape’s lateral motion, but even
the modest forces that develop during guiding can cause wear and damage to the tape’s
edges. This paper presents a tensioned axially-moving viscoelastic Euler–Bernoulli beam
model used to simulate the tape’s lateral dynamics, the guiding forces, and the position
error between the data tracks and the read/write head. Lateral vibration can be excited
by disturbances in the form of pack runout, flange impacts, precurvature of the tape in its
natural unstressed state, and spiral stacking as tape winds onto the take-up pack. The
guide model incorporates nonlinear characteristics including preload and deadbands in
displacement and restoring force. A tracking servo model represents the ability of the
read/write head’s actuator to track disturbances in the tape’s motion, and the actuator’s
motion couples through friction with the tape’s vibration. Low frequency excitation aris-
ing from pack runout can excite high frequency position error because of the nonlinear
characteristics of the guides and impacts against the pack’s flanges. The contact force
developed between the tape and the packs’ flanges can be minimized without significantly
increasing the position error by judicious selection of the flanges’ taper angle.
DOI: 10.1115/1.4000665
1 Introduction
In the field of computer data storage, tape libraries are used for
long-term archive, backup, and restoration of financial informa-
tion, medical records, geophysical data, satellite imagery, and
electronic intelligence. Such data are stored for decades, often
under regulatory requirements, and its value increases with time.
During the past fifty years, the volumetric storage density for this
technology has grown by six orders of magnitude, partly due to
advances in the mechanical design of the path, guides, cartridge,
and servo mechatronics 1. Technical roadmaps foresee that the
tape’s thickness will decrease to 5 m, the bit length will reduce
to 33 nm, and the data track will narrow to 2 m over the next
decade. At the same time, the tape’s tension is expected to de-
crease while the transport speed doubles 2. Such trends place
demands on the design of guides, servos, and actuators for the
control of lateral vibration and the reduction of position error
between the tape and read/write head.
Magnetic tape itself is a flexible layered polymeric material
with dimensions that differ by orders of magnitude in the thick-
ness, width, and machine directions. The nonlinear force-
deflection characteristics of guides and flange impacts 3 enable
low frequency disturbances e.g., from bearing runout to excite
high frequency lateral vibration of the tape. Although the read/
write head is actively positioned in order to follow the tape’s
vibration, its bandwidth is limited to the lower frequencies. The
objective of this paper is to develop a model to support path,
guide, media, and servo design in order to reduce the position
error between the tape’s data tracks and the read/write head.
The vibration of magnetic tape is related to the mechanics of
axially-moving materials 4,5 and web transport systems 6,7.
Vibration models for magnetic tape include traveling strings and
tensioned beams and exact closed form expressions for the re-
sponse of such systems to arbitrary excitation are available
through modal analysis and Green’s function methods 8. Solu-
tions also are available for the displacement of an axially-moving
Timoshenko beam having defects in its natural shape, where pre-
formed warpage in the beam’s natural shape can drive undesirable
lateral motion 9. The discretization of moving media models and
the influence of nonlinearity are discussed in Refs. 10–12.
Edge and surface guiding are two approaches for constraining
the lateral vibration of magnetic tape and other moving media.
Edge guides establish a lateral constraint on the narrow edge of
the tape by its contact against the guide’s flanges—termed
buttons—but those forces can lead to excessive heating and wear
of the tape’s edge 13. The judicious positioning and choice of a
guide’s engagement length are useful approaches to reduce
steady-state vibration amplitude 14,15. The propagation of
boundary runout disturbances from packs and rollers can be re-
duced through the use of tilted 16 and deadband 3 guides, the
latter of which have finite clearance between the guide’s flanges
and the edge of the tape while centered. The high frequency vi-
bration associated with impacts in deadband guides is particularly
problematic because of the limited frequency response of the track
following servo 17. In the alternative approach of surface guid-
ing, edge contact is avoided entirely, and lateral vibration is con-
trolled by distributing friction forces over the relatively broad face
of the tape’s width. Surface guides are particularly useful at higher
frequencies while edge guides are useful for lower frequency
higher amplitude disturbances.
The guides, layout of the transport path, and actuator-servo sys-
tem synergistically contribute to the alignment of the tape’s data
tracks and the magnetic head’s read/write elements. Figure 1 de-
picts an overview of the model that is developed in Sec. 2 for
coupled lateral tape vibration and actuator-servo dynamics. Dis-
turbances from the packs, guides, and imperfections in the tape
media itself each excite lateral tape vibration. A general represen-
tation of the restoring force provided by a nonlinear edge guide is
developed for elements that have a deadband in displacement
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and/or preload force. Motion of the read/write head and its actua-
tor during repositioning couples with the tape’s vibration through
friction at the head/tape interface. The servo that controls the
head’s position is represented in Fig. 1 by the transfer function
TFs between the head’s position Ys and the displacement Us
of the potentially nonstraight servo track that is written on the
axially-moving and laterally vibrating tape. The position of the
servo track relative to the tape’s neutral axis is characterized by
the written-in servo track variation, which is specific to the tape’s
manufacturing process. The model of lateral tape dynamics is dis-
cretized in Sec. 3 through Galerkin approximation and implicit
integration, and the servo model is described in Sec. 4. In Sec. 5,
two experiments are conducted to validate the model and its as-
sumptions. The model is applied in Sec. 6 to investigate the con-
trol of lateral vibration by using guides having nonlinear restoring
force characteristics, and the influence of taper in a pack’s flanges
as a means to reduce guiding force and position error.
2 Lateral Vibration and Servo Model
As shown in Fig. 2, the transport path comprises a cartridge
pack from which the tape unwinds, a series of n guides
G1,G2, . . . ,Gn, the read/write RW head assembly, and a ma-
chine pack onto which the tape is wound. In what follows, the
model is developed for arbitrary type and number of guides and
for arbitrary placement of the components; however, Fig. 2a is
the specific embodiment of a transport path that is used in the
illustrative examples. In Fig. 2b the tape is shown as being un-
wrapped from the path and modeled as an axially-moving ten-
sioned Euler–Bernoulli beam having displacement w, transport
speed v, and tension T that extends from x=0 at the supply pack
to x=L at the point of contact with the take-up pack. Length L
represents the combined geometric length of the path and the
length LE of the layers floating within the pack’s entrained air
bearing region 18. Measurements of the thickness of the en-
trained air layer imply that the tape wraps around the pack mul-
tiple times before making direct frictional contact 19,20. Other
parameters of the transport path are defined in Table 1.
2.1 Equation of Motion and Boundary Conditions. The
tape is formed from magnetic 1, substrate 2, and backcoat 3
layers, and it has the equivalent mass per unit of length, Poisson’s
ratio, and lateral bending stiffness values
 = b
j=1
3
 jhj 1
 =
 j=1
3  jhj
 j=1
3 hj
2
EI =
b3
121 − 2j=1
3
Ejhj 3
The properties of each individual layer are defined in Table 2, and
I is the second moment of area for the equivalent uniform beam of
width b and thickness h1+h2+h3.
The equation of motion for lateral vibration accounts for the
tape’s potentially nonstraight configuration in its stress-free natu-
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Fig. 2 „a… Path layout used in the examples „asterisks denote
the tangency points of the tape at the packs, guides, and head…,
and „b… unwrapped path
Table 1 Parameters of the transport’s layout in Fig. 2
Variable
Illustrative
value
Length of tape, L 39.05 cm
Distance from supply pack to guide G1, L1 7.72 cm
Distance from supply pack to guide G2, L2 17.69 cm
Length of layers floating on the entrained air bearing, LE 14.14 cm
Distance from supply pack to RW, LH 12.45 cm
Engagement length of G1, x11−x10 1.57 cm
Engagement length of G2, x21−x20 2.17 cm
Radius of packs’ hubs, rID 22.0 mm
Radius of packs’ flanges, rOD 48.0 mm
Radius of supply pack, r0 47.0 mm
Radius of take-up pack, rL 22.5 mm
Separation of packs’ flanges at the hub, dID 500 m
Separation of packs’ flanges at the outer diameter, dOD 500 m
Coefficient of friction at G1, 1 0.05
Coefficient of friction at G2, 2 0.05
Coefficient of friction at RW, H 0.2
Tension at supply pack, T0 1.0 N
Transport speed, v 5.4 m/s
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ral state and its internal dissipation. When the tape is unstressed,
its natural shape is taken to be w0x , t=AW sin2x−vt /W
with amplitude AW and wavelength W. This functional form is
representative of the so-called “weave” imperfections that arise
from eccentricity of the rotating blades that slit the tape from a
wider web during the manufacturing process 9,14. Creep com-
pliance tests show that magnetic tape is a viscoelastic material that
can be modeled using a generalized Kelvin–Voigt model 21. In
the Kelvin–Voigt formulation for viscoelasticity, the bending mo-
ment is 22
M = EIw
,xx − w0,xx + Iw,xxt + vw,xxx − w0,xxt − vw0,xxx 4
where a comma subscript denotes partial differentiation, and the
strain rate is calculated by using the material derivative. The value
of the loss modulus  that is listed in Table 2 was determined
experimentally by a dynamic mechanical analysis test for a repre-
sentative sample of magnetic tape and was approximated as being
independent of frequency between 50 Hz and 2 kHz. By using the
general correspondence principle in order to account for w0 and
the material’s viscoelasticity 23,24, the equation of motion be-
comes
w
,tt + 2vw,xt + v2w,xx − Tw,x,x + EIw,xx − w0,xx,xx
+ Iw
,xxt + vw,xxx − w0,xxt − vw0,xxx,xx = f 5
as driven by the force distribution f per unit of length that is
applied by the guides, contact friction, and impact between the
tape and a flange.
At the left and right endpoints, imperfections in alignment of
the supply and take-up packs excite lateral vibration. As shown in
Fig. 3, 0 is the angle between the axis of the supply pack and the
axis x3 that is perpendicular to the plane of the transport path in
Fig. 2a. The angle between the projection OC onto the x1−x2
plane and the line OT extending from the center of the supply
pack to the tape’s tangency point is defined . When 0 and 
=0 are constant, the pack is said to be statically misaligned, with
tilt angle 0S=0. Alternatively, when imperfections in the motor
or the pack produces axial runout, 0 is constant in a rotating
reference frame, 0S=0, and t=0	vt /r0; here the sign is cho-
sen based on the pack’s direction of rotation, and r0 is the radius
of the supply pack. The misalignment angle at the tangency point
where the tape exits the supply pack is 0Dt=0 cost. Ad-
ditionally, the pack can be offset by distance d0 in x3. By speci-
fying the tape’s attachment at the supply pack as being clamped,
the boundary conditions at x=0 become
w0,t = d0 + r00Dt
6
w
,x0,t = 0S +
1
v
r0˙ 0Dt 6
At x=L, the tape is assumed to stick to the take-up pack in order
to match the material velocity and angular velocity through 25
w
,t + vw,x = vLDt 7
w
,xt + vw,xx = ˙ LDt 8
In real systems, the tape does not perfectly stick to the take-up
pack, and future work would model the slippage that occurs at the
boundary. The misalignment angle LD of the take-up pack is
found through a construction similar to that for 0D. Conditions
7 and 8 have the net effect of damping lateral vibration 26,
but they do not take into account contact with the take-up pack’s
flange, as described in Sec. 2.2.
2.2 Applied Forces. Force f in Eq. 5 comprises friction
between the tape and the read/write head, and between the tape
and each guide, lateral constraint forces from each guide, and
forces arising from possible impact or steady contact between the
tape and a pack’s flanges. Friction between the tape and a head or
guide dissipates energy and reduces the amplitude of lateral vibra-
tion. On the other hand, friction at the read/write head transmits
motion to the tape as the actuator is repositioned during track
following. In either case, the contacting surface, taken illustra-
tively as the jth guide, has friction coefficient  j, radius rj, and
wrap angle xj1−xj0 /rj, where the positions along the path at
which the tape first contacts Gj and the tape loses contact are
denoted xj0 and xj1.
The friction force opposes the tape’s absolute velocity vector
V j, which is the resultant of the lateral vibration velocity compo-
nent and the transport speed. The tape moves in the axial direction
at a constant speed; thus, no sticking behavior is observed. The
friction force vector per unit of length is the pointwise force
fFj = −  j fRjLj
V j
V j
9
at x=Lj, where fRjx=Tx /rj is the normal reaction per unit of
length between the guide and the tape. Although tension Tx is
constant in each free span, it increases from the prescribed value
T0 at the supply pack along the guide’s circumference following
Tx = Tj−1 xj−11
 x xj0Tj−1ejx−xj0/rj xj0
 x
 xj1
Tj = Tj−1ejxj1−xj0/rj xj1 x
 xj+10
 10
for j=1,2 , . . . ,n. The component opposing lateral vibration then
becomes
fLFj = −  j fRj
w
,t + vw,x
	v2 + w
,t + vw,x2
11
In the motivating application, the transport speed is substantially
greater than the tape’s lateral velocity. In that case, fLFj admits
Table 2 Tape dimensions and material properties
Variable Illustrative value
Width, b 12.7 mm
Magnetic layer’s thickness, h1 2.0 m
Substrate’s thickness, h2 6.5 m
Backcoat’s thickness, h3 0.5 m
Magnetic layer’s elastic modulus, E1 7.1 GPa
Substrate’s elastic modulus, E2 9.1 GPa
Backcoat’s elastic modulus, E3 7.5 GPa
Loss modulus,  13 kN s /m2
Magnetic layer’s Poisson’s ratio, 1 0.26
Substrate’s Poisson’s ratio, 2 0.32
Backcoat’s Poisson’s ratio, 3 0.2
Magnetic layer’s density, 1 1500 kg /m3
Substrate’s density, 2 1400 kg /m3
Backcoat’s density, 3 1200 kg /m3
ψ
x
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x
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O
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0
Fig. 3 Definition of the misalignment angles for a pack
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linearization in which the Coulomb friction 11 is well approxi-
mated by equivalent viscous damping 27. For v w
,t, the di-
rection of fFj varies by only a small angle during lateral vibration,
and
fLFj 

− Tj−1
rj
ejxj1−xj0/rj − 1
w
,t + vw,x
v
12
The lateral friction force between the read/write head and the tape
is found through a similar approach, with the exception that the
relative lateral velocity becomes w
,t+vw,x− y˙, where yt is the
displacement of the head during repositioning.
Edge guides, such as the one shown in Fig. 4a, constrain
lateral vibration by applying guiding forces to the tape’s edge. The
compliant button, which guides the edge of the tape, is a wear-
resistant ceramic element that is connected to a flexure. Figure
4b shows a generic model for edge guiding, where the jth guide
applies force at x=Lj. Four parameters can be varied to represent
a range of guides, constraints, and force-deflection constitutive
properties: the stiffnesses K1 and K2 of the upper and lower con-
tact buttons, and the clearances d1 and d2 between the upper and
lower edges of the tape and the buttons. Two classes of nonlinear
guides are distinguished by the signs of d1 and d2. Deadband
guides Fig. 5a are defined as having positive clearance d, on
the order of tens of microns, with buttons of equal stiffness K1
=K2=K substantially greater than that of the tape’s edge. A nega-
tive clearance at either button is equivalent to a preload force f0,
typically on the order of tens of millinewtons Fig. 5b. In the
illustrative examples below, the stiffness of a compliant button is
taken as 116 N/m and the stiffness of a guiding surface is taken as
10 kN/m.
Contact between the tape and a flange on the supply or take-up
pack is modeled in a manner similar to the buttons of a deadband
guide. The pack’s flanges are assigned a stiffness much greater
than the tape’s edge. Since some packs are intentionally designed
to have outwardly tapered flanges, the clearance between the
pack’s centerline and flanges is taken to increase linearly from the
inner to the outer diameter. As in Fig. 4c, the flanges are tapered
from the pack’s hub at rID to the periphery rOD with clearances
dID and dOD. The flange height of the supply pack
wFx = dID + dOD − dID	x2 + r02 − rID
rOD − rID
 13
is the clearance between the flange and the tape, when in the
nominally centered position, as a function of the tape’s arclength.
A similar expression exists for the flange height at the take-up
pack. On the boundary at x=L, contact can also occur. The point
at which the tape contacts the take-up pack is modeled as an
eyelet attached to a damper c with a contact force FC between the
tape and the flanges. The flange contact is modeled as a deadband
with a force-deflection constitutive relationship given by Fig. 5a,
where d is twice the clearance between the tape and the flange,
and K is much greater than the tape’s stiffness. A force balance on
the eyelet yields the boundary condition
cw
,t − vLDt + T − v2w,x = − FC 14
When the tape is not in contact with the take-up pack’s flanges,
conditions 7 and 14 are equivalent for c= T−v2 /v.
3 Discretization
The continuous model of Eq. 5 is discretized through the fi-
nite element method by using the Galerkin approximation w
= j=1
N  jt jx, test function =i=1
N itix, basis functions
i, and number N of elements. The jth element has nonzero basis
functions i for i 2j−1,2j+2 that take the value of the first
through fourth elemental basis functions, in order, over the ele-
ment. The elemental e basis functions
1
e
= 1 − 3 x − xe

2 + 2 x − xe

3
2
e
= − x − xe1 −  x − xe 
2
15
3
e
= 3 x − xe

2 − 2 x − xe

3
4
e
= − x − xe x − xe 
2
−  x − xe

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Fig. 4 „a… A representative guide having ceramic buttons
mounted on compliant flexures, „b… schematic of the guide
model, and „c… cross section of a pack and its flanges
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are Hermite polynomials, =L /N is the length of an element, and
xe is the distance of the element’s left node from the supply pack.
The matrix form of the equation of motion becomes
M¨ + 2vS + IKEI˙ + T − v2KT + EIKEI + IH = F
16
for the vector = 1 2 ¯ NT of nodal displacements. The
vector of nodal forces F= F1 F2 ¯ FNT, arising from friction,
edge guiding, impact, and the nonstraight natural shape of the
tape, has components
Fi =
0
L
f + EIw0,xxxx + Iw0,xxxxt + vw0,xxxxxidx 17
for i=1,2 , . . . ,N. The matrices appearing in Eq. 16 are compo-
sitions of the elemental matrices
Mei, j =
0

i
e j
edx 18
KT
ei, j =
0

i
e j
edx 19
KEI
e i, j =
0

i
e j
edx 20
Sei, j =
0

i
e j
edx 21
Hei, j =
0

i
e j
edx , 22
with entries for i, j=1, 2, 3, or 4 and which represent inertia,
stiffness associated with tension, stiffness associated with flexure,
Coriolis acceleration, and viscoelastic damping. In assembling Eq.
16, the first two and last two equations represent the boundary
conditions of Eqs. 6, 8, and 14. Finally, the equation of mo-
tion is implicitly integrated by using the Wilson- method 28
for direct numerical simulation of lateral vibration and actuator
response. Convergence studies show that the Wilson- method is
both equally as accurate as the Runge–Kutta explicit integration
scheme and has a computational time that is more than an order of
magnitude less than the Runge–Kutta scheme.
4 Read/Write Head Tracking Servo
The read/write head is mounted on an actuator designed to fol-
low the tape’s lateral vibration as defined by the lateral position of
a preformatted servo track 29,30. In Fig. 1, the dynamics of the
actuator Ps and controller Cs are described by the transfer
function
TFs =
Ys
Us
=
CsPs
1 + CsPs
23
between the read/write head’s position Ys and the lateral posi-
tion Us of the servo track. In simulation, this model is converted
to a state space representation and integrated with Eq. 16.
In the illustrative examples that follow, the controller and plant
dynamics are
Cs =
1.3 105s + 13003s2 + 990s + 8.9 107s2 − 60000s + 1.2 109
ss + 63002s2 + 3100s + 8.9 107s2 + 60000 + 1.2 109
24
Ps =
360
s2
25
which have the open loop and disturbance rejection frequency
responses shown in Fig. 6. This model is a nonproprietary lead-lag
controller with a notch filter that is based on the actual controllers
used in tape systems. The disturbance rejection es /Us mea-
sures the magnitude of error between the head’s position and the
servo track at a given frequency of lateral vibration. As in Fig.
6c, the actuator compensates well for low frequency motion, but
the error for vibration at frequencies above 335 Hz is amplified,
which is typical behavior in this application 17. In short, the
high frequency error components can inhibit writing and reading
data, whereas low frequency components are well-compensated
by the servo system. In the light of the Bode sensitivity integral
31, which stipulates that the total area under the curve of Fig.
6c must be zero, a trade-off exists such that low frequency com-
ponents can be compensated at the cost of increasing high fre-
quency error. The path and guides are designed to passively re-
duce the high frequency vibration components.
The servo track itself is not straight, with respect to the tape’s
center-line, because of vibration that unavoidably occurs when it
is written during manufacture. For instance, the track’s position
relative to the center-line can have a 0.5 m peak-to-peak ampli-
tude with content primarily between 100 Hz and 2 kHz. The effect
of the servo track-actuator dynamics on the tape’s vibration is
shown in Fig. 7 for the path of Fig. 2a. Guides G1 and G2 are
taken as smooth posts 2=3=0,K=0, which transmit no lat-
eral forces to the tape; the only disturbance is frictional coupling
between the tape and the read/write head arising from the actua-
tor’s tracking of the written-in track error. As the actuator Fig.
7c follows the servo track Fig. 7b, friction in turn excites
lateral vibration Fig. 7a. For the first 200 ms, coupling is rela-
tively small, and the actuator’s response is dominated by the ir-
regular shape of the servo track. After 200 ms, friction drives
vibration of the tape’s midspan to an amplitude of 0.6 m, and
the position error or relative displacement error between the read/
write head and servo track, as shown in Figs. 7d and 7e, is
dominated by components at 168 Hz and 414 Hz. With dissipation
from the winding of the tape onto the take-up pack and viscoelas-
tic material damping, the relative displacement between the servo
track and the actuator has peak amplitude of approximately
0.25 m. In order to write data to the tape, the head must be
positioned over the central 60% of a track; in this case, the
0.25 m peak amplitude is substantially less than the 3.25 m
write limit.
5 Validation
The test stand of Fig. 8 was constructed to validate the Euler–
Bernoulli modeling assumption. The tape was clamped at one end
by means of epoxy, and from the other end the tape was tensioned
with a 0.05 kg mass. Vibration in the tape was excited by a voice
coil shaker driven through a matching network and power ampli-
fier. The response of the tape was measured with a Fotonic sensor,
and the frequency response was calculated via a spectrum ana-
lyzer using an accelerometer connected through a power amplifier
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to measure the motion of the base. The tape was wrapped around
a pressurized air bearing guide, which effectively has no friction
between it and the tape. The clearance of the guide was small
enough that it admitted the approximation of a pinned boundary
for the tape. The length of the span between the clamped bound-
ary at the shaker and the pinned boundary at the guide was varied,
and the natural frequencies were measured. The first two natural
frequencies, shown in Fig. 9, are compared to the natural frequen-
cies predicted by string theory, the Euler–Bernoulli beam theory,
the Rayleigh beam theory, and the Timoshenko beam theory. For
the span lengths studied, the differences between the natural fre-
quencies calculated by the Rayleigh and Timoshenko beam theo-
ries are not observable in Fig. 9. For span lengths greater than 5
cm, all three beam theories are equally supported by the measured
natural frequencies. However, below 5 cm it is apparent that a
higher order model, such as the Timoshenko model, is needed to
accurately model the lateral vibration of magnetic tape. The string
theory does not adequately predict the first natural frequency be-
low 30 cm.
The path of Fig. 10a with parameters listed in Table 3 is used
to validate the model developed in the previous sections. Both the
supply and take-up packs have dynamic misalignments, and the
tape is guided by a single deadband pressurized air bearing guide
with =0. The flange clearance of the guide, 	50 m, exceeds
the displacement of the tape at the guide location. The lateral
displacement of the tape was measured 12.02 cm from the supply
pack at the location indicated in Fig. 10a with a Fotonic sensor,
and is compared to the simulated displacement in Fig. 10b. The
frequency response of the measured and simulated displacement
Fig. 10c shows that the model has good agreement at lower
frequencies. Discrepancies in the measured and simulated re-
sponses are partly attributed to the nonstraight shape of the tape’s
edge and roughness of the packs’ flanges that might excite higher
frequency vibration.
6 Example
The guide’s clearances and the flange taper angles can be de-
signed to reduce the magnitude of guiding forces and the ampli-
tude of high frequency relative motion between the head and the
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tape. In the following examples, a low frequency disturbance can
excite high frequency vibration because of the nonlinear force-
displacement properties of the guides and impacts with flanges on
the take-up pack. Because of the symmetry between winding and
unwinding, the two guides of Fig. 2a are taken to be the same.
6.1 Guide Clearance. For given stiffnesses K1 and K2, by
varying the clearances d1 and d2 in a parameter study, the guide
model in Fig. 4b can represent five different types of edge
guides: a smooth post that transmits no forces to the tape d1
=d20, a deadband guide d1 , d20; a linear compliant guide
d1=d2=0, a preloaded guide d1 or d20, and a hinged guide
d1 , d20. The guides are taken to have compliant buttons of
stiffness K1=K2=116 N /m and d1=d2 −560,245 m. Vibra-
tion is excited by dynamic tilt 0=4 mrad of the supply pack with
170 m boundary displacement and by the written-in servo error.
At those conditions, the guides act substantially as a pinned con-
dition for d1=d2
−560 m and as a smooth post for d1=d2
245 m.
Figure 11 shows the displacement profile at 11 evenly-spaced
instants for the five different sets of design parameters. As the
clearance is increased in Figs. 11a–11e, the tape becomes less
constrained by the guides. At a 65 mN preload Fig. 11a, no
appreciable displacement of the tape occurs at either G1 or G2.
When the preload is reduced to 10 mN Fig. 11b the peak-to-
peak amplitude at G1 increases to 150 m, and the tape’s vibra-
tion primarily occurs between the supply pack and G2. As d1 and
d2 increase further from 0 m Fig. 11c, to 43 m Fig.
11d, and to 245 m Fig. 11e, the peak-to-peak amplitude
likewise grows from 170 m, to 230 m, and to 488 m, re-
spectively, and the vibration extends throughout 0,L.
Although the runout of the supply pack is harmonic, the guid-
ing forces developed at the preloaded and deadband guides Fig.
12 have four distinct response regions because of the guides’
nonlinearity. For a preloaded guide Fig. 12b, i the tape con-
tacts the upper button, ii the preload of the top button disengages
and the preload of the lower button saturates, iii the tape con-
tacts the lower button, and iv the preload of the lower button
disengages and the preload of the upper button saturates. For a
guide with deadband clearance Fig. 12d, the tape i contacts
the upper button, ii moves towards the lower button, iii con-
tacts the lower button, and iv moves towards the upper button.
In contrast, the guiding forces for a linear compliant guide Fig.
12c and a pinned guide Fig. 12a are dominated by a nearly-
sinusoidal response at the runout frequency.
At each instant where a transition occurs between the stages
i–iv of a guiding force’s time record, sudden velocity changes
likewise occur in the motion at RW that produce considerable
position error, as shown in Fig. 13. The amplitude of position
error is greatest for guides having deadband or preload. With lin-
ear guides, the amplitude of the position error is less than
0.45 m, a value that falls within typical tolerance to read and
Table 3 Path properties for the validation study
Variable Value
Length of tape, L 35.6 cm
Distance from supply pack to guide G1, L1 9.48 cm
Distance from supply pack to measurement location 12.0 cm
Length of layers floating on the entrained air bearing, LE 15.1 cm
Engagement length of G1, x11−x10 1.00 cm
Radius of packs’ hubs, rID 22.0 mm
Radius of packs’ flanges, rOD 52.0 mm
Radius of supply pack, r0 48.0 mm
Radius of take-up pack, rL 24.0 mm
Separation of packs’ flanges at the hub, dID 250 m
Separation of packs’ flanges at the outer diameter, dOD 250 m
Dynamic misalignment magnitude of the supply pack, 0 0.35 mrad
Dynamic misalignment magnitude of the take-up pack,
L 0.65 mrad
Coefficient of friction at G1, 1 0.05
Tension at supply pack, T0 1.0 N
Transport speed, v 4.0 m/s
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write data. When preloaded guides are used Fig. 13b, the pre-
load at G2 is never exceeded, and the high frequency components
of error are associated with the transitions between the four re-
gions of displacement at G1. The peak-to-peak amplitude of the
position error becomes 13 m, twice the maximum allowable
error amplitude. Alternatively, for deadband guides Fig. 13d,
high frequency vibration is excited by transitions between the four
displacement regions at locations G1 and G2; the peak-to-peak
amplitude is now 6.7 m. Despite their increased position error,
deadband and preloaded guides offer reduced edge force Fig. 12.
6.2 Pack Flange Taper. High frequency vibration can be ex-
cited by impacts between the tape and flanges on the take-up pack.
In this example, the taper of the pack’s flanges is varied in order to
reduce the position error and the tape-flange contact forces.
Guides G1 and G2 are taken to be linear, compliant guides d1
=d2=0 m, K1=K2=11.6 N /m, and the disturbances are
the sinusoidal natural shape of the tape AW=0.5 mm and W
=1 m in the absence of tension and the nonstraight shape of
the servo track. The flange clearance at the hub is dID=50 m,
and the clearance at the outer diameter is variable at dOD
 50,100 m.
The shape of the tape at 21 evenly-spaced instants for three
different flange tapers is shown in Fig. 14. For clearances dOD

65 m, the location of first contact between the tape and the
pack’s flanges is the outer edge of the flange. With zero flange
slope, the tape pivots about the outer edge of the flange and then
rolls along the flange towards x=L Fig. 14a as it loses contact
and winds on the pack in the central region. Increasing to dOD
=65 m Fig. 14b, the tape stacks against the entire length of
the flange following its initial contact with the outer edge. As dOD
is varied from 65 m to 100 m Fig. 14c, first contact be-
tween the tape and the flanges transitions from the outer edge of
the flanges to x=L. In all cases, the tape’s displacement at RW,
shown in Fig. 15a for dOD=50 m, follows four stages: i the
tape contacts the upper flange and stacks against it; ii the tape
loses contact with the upper flange and translates downwards; iii
the tape contacts the lower flange and stacks against it; and iv
the tape loses contact with the lower flange and translates up-
wards. The position error, shown in Fig. 15b for dOD=50 m, is
greatest at the initial impact between the tape and the pack’s
flanges.
As the flange clearance is varied in the parameter study in Fig.
16a, the amplitude of the peak in the position error increases
from 3.1 m for dOD=50 m, to 3.2 m for dOD=65 m, to
8.6 m for dOD=100 m. Over the same range, the peak contact
force between the take-up pack’s flange and the tape is greatest for
the design of zero slope dOD=50 m, and it is a minimum for
dOD=65 m. The resultant contact force between the surface of
the flange and tape is depicted in Fig. 17. For a flange with zero
slope Fig. 17a, the tape contacts the outer edge of the flange i
and pivots until it contacts the interior of the flange ii, at which
time the tape rebounds and impacts repeatedly until it disengages
from the upper flange. For dOD=65 m Fig. 17b, where the
peak contact force is minimized, the tape first contacts the outer
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edge of the flange at t=152 ms iii, pivots until it is in contact
along the entire extent of the flange, and stacks against the flange
until the tape loses contact iv. By increasing the clearance fur-
ther to dOD=100 m Fig. 17c, the tape contacts the flange
only near x=L v, producing a spike in the resultant contact
force.
7 Summary
A model of lateral vibration and read/write head servo dynam-
ics is developed in order to predict the position error that develops
in magnetic tape transport systems as a result of pack runout,
flange contact, media imperfection, and guide design. The model
is discretized by using the finite element method and implicitly
integrated by using the Wilson- method. The continuous time
transfer function between the motion of the read/write head and
the position of the tape’s servo track is converted into state space
representation and integrated with the tape’s equations of motion.
The model is applied to investigate several design parameters,
including the nonstraight servo track, the nonlinear guides’ pre-
load and clearance, impacts of the take-up pack’s flanges on the
position error between the head and the servo track, and the edge
forces acting on the tape. The primary conclusions and contribu-
tions are as follows.
1. A system level model of lateral tape motion, servo tracking,
and position error is developed that includes the nonstraight
natural shape of the tape, viscoelastic damping of the tape,
the nonstraight position of the prewritten servo track, fric-
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tional coupling between the read/write head and the tape,
nonlinear guides, pack runout, and flange impacts.
2. Low frequency disturbances from the supply pack’s runout
and from the nonstraight shape of the tape, the two primary
disturbance sources, can excite high frequency vibration and
position error as a result of impact against a pack’s flanges
and switching between load states in nonlinear guides.
3. Frictional coupling between the read/write head and the tape
produces steady-state position error. The high frequency po-
sition error caused by the nonlinear characteristics of some
guide designs can produce significant, or even prohibitive,
position error.
4. As a guide’s design changes continuously from one having
force preload to one having displacement deadband, the
guiding forces are reduced while the vibration amplitude
grows.
5. The contact force developed between the tape and the packs’
flanges as a result of the tape’s natural shape can be mini-
mized without significantly increasing the position error by
judicious selection of the flanges’ taper angle.
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